| V. VALUING ECOSYSTEM FUNCTIONS: THE EFFECTS OF ACI DI FI CATI ON

| v. production

Popul ation growh and human territorial expansion are placing unprec-
edented burdens on ecosystens. Farm ands are being converted to suburbs,
while forests are being converted to farmn ands. The Anazon forest, earth’'s
richest biological region, is losing to devel opment each year an area half the

size of Great Britian [Prance, (1977)]. Pollution is now recognized as a
gl obal problemw th particular enphasis on acid precipitation and the
greenhouse effect. Estimates of species lost to extinction worldwi de are as

hi gh as 1000 per year [Mvers (1979)].

But what values are reflected by this and sinmilar data on our dwi ndling
natural environment? Part of the answer can come from a study of ecol ogical
systens placed in an econonmic framework. Ecol ogical systens must be reduced
to tractable analytical. frameworks which can then be incorporated into
econonmi ¢ nodel s that are able to ascertain benefits and costs. For exanple,
in environnental econonics, studies have estimated the willingness to pay for
trout fishing along a particular stream  These studies could then be used to
estimate the value of the effect of acid precipitation on trout popul ations.
Trout have value to people, and if the trout were to vanish so would the
benefits of the fishing. But trout are only one species in a conplex
ecosystem By renoving other species, say certain insects that may appear to
be of no value, the trout may also vanish. Thus, a proper valuation of an
ecosvstem entails not just the valuation of end products like trout, but a
recognition of the interactions between trout and other species so that the
value of these other species can be established. By doing this, better
estimates can then be made of the uncompensated costs associated with
popul ation growth and industrial expansion which affect the sources of
pl easure and life support services that ecosystens provide

Ecosystens are incredibly conplex. They nay be conposed of thousands of
species interacting in diverse ways. Each species fills a niche in the
overal |l system and depends on one or nore of the other species for survival.
But conplex systens are not foreign to econom sts who have the difficult task
of sorting out conplex econom es. Noti ons such as short-run and |ong-run
equilibriuns, steady states, and exogenous shocks appear to be applicable to
both ecosystens and econonmies. In addition, the sane type of questions arise
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in either system. For an economy, the econonm st uses nodels to deternmine the
effect a tax in one sector has on other economic sectors. For an ecosystem
t he ecol ogi st (and the economi st} may need to know the effect a particular
pollutant that harns one insect species will have on all other species

The parallels  between ecosystenms and econonics suggest that simlar
nodel s may be used for each. Mreover, if this can be acconplished, then
linking ecosystems with econonies may be possible. Such a linkage woul d
pernmit not only detailed descriptions of how a pollutant will effect an
ecosystem but how the changes brought about in the ecosvstem will effect the
econony and, in turn, how these changes in the econony will influence the
ecosystem

Ecol ogi sts attenpt to answer such questions by using energy as a unit of
val ue. By neasuring the flow of energy through an ecosystem one can
determne how an exogenous shock might affect that energy flow [ G odzinsk
(1975)]. The effect is then eval uated using some pecuniary value placed on an
energy unit. Some support for this approach once was found anobng econonmi sts.
The English econonist, J.A. Hobson (1929) has remarked that:

" .. all serviceable organic activities consume tissue and expend enerqgy,
the biological costs of the services they render. Though this econony
may not correspond in close quantitative fashion to a pleasure and pain
econony or to any conscious valuation, it nust be taken as the groundwork
for that conscious val uation. For mpst econom ¢ purposes we are well-
-advised to prefer the organic test to any other test of welfare, bearing
in mnd that manv organi c costs do not register thenselves easily or
adequately in terms of conscious pain or disutility, while organic gains
are not always interpretable in conscious enjoynent.” (p. xxi)

According to one's perspective, Hobson's statenent can be taken as
support for an energetic basis of value, and as a plea for economsts to
devote nore attention to the workings of the biological world and its
inplications for human welfare, both as a source of pleasure and as a
life-support system  Hobson's first point has been received warnmy by
ecol ogi sts such as H.T. Odum (1971), to the point where it has been enshrined
al ongsi de cost-benefit analysis as a neans of eval uating proposed energy
technol ogi es [ Energy Research and Devel opnent Agency (1975)]. However, it has
been coldly received by nmpodern economists. Georgescu-Roegan (1979) neatly
expresses the economists’ source of difficulty with energy as the unit of
value for the satisfaction of human wants

“The entropic nature of the economic process notwithstanding, it would be
a great mistake to think that it nav be represented bv a vast system of
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thermodynani ¢ equations . . . . The entropic process noves through an
intricate web of anthroponorphic categories, of utility and |abor above
all. Its true product is not a physical flow of dissipated matter and
energy, but the enjoynent of life. . ..pleasure is not related by a
definite quantitative law to the | ow entropy consurmed.” (p. 1042)
Thus the value of energy varies with its use. The correct approach is there-
fore to include the ecosystem in the econonmy where the uses of the ecosystem
can be evaluated relative to all other goods

Hobson's second point, that economcs shoul d give deeper consideration to
the role of biosphere in human affairs, has suffered from neglect. Wth the
exception of the work inspired by Boulding (1966) and Krutilla (1967), the
econonics discipline continues to be notable for its inability to capture nany
of the concerns of biological scientists, particularly ecol ogists, about the
i mpacts of human activities upon ecosystens and, via these ecosystem inpacts
ultimately upon human wel fare. Perhaps econonists have dismssed these thenes
sinmply because the economics discipline has |acked a nmeans of fitting them
into the framework of econonic analysis.

The purpose of this paper is to develop a |ink between ecosystem and
econony that will allow an econonmic eval uation of ecosystem structure. W try
to broaden traditional approaches to environmental economnic problens by
enconpassi ng bi oenergetics, but without resorting to the use of energy as the
unit of value used by humans. There are two main phases of the devel opment.
First, an ecosystem nodel is described using the notions of production
functions, optimization, and equilibria. Humans are absent fromthis phase
A1l energy input into the nodel derives fromthe sun. 1In the second phase
humans are introduced under the famliar guise of utility maxinizer. This
|.cads to behavior that interferes with the ecosystemthrough changes in the
sources and uses of energy.

The second section devel ops a nobdel of the optim zing behavior of a
single organismin an ecosystem The third section extends this idea to
mul tiple organi sms and to ecosystem equilibrium. In the fourth section,
common ecol ogi cal - themes are discussed as they relate to the nodel. Human
perspectives of the ecosystementer in the fifth section. The sixth section
uses the devel opnents of previous sections to address questions about the
value of pollution inpacts upon ecosystem structure. The seventh section is a
sinpl e general -equilibrium nodel incorporating the concepts of previous
secti ons.

Optimization by Individual O ganisns
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Initially, we develop a nodel of an ecosystem where humans have no
influence. The nodel can be considered a depiction of prehistoric tinmes or of

very remg;g areas in nodern tinmes. In this world, all energy is derived from
the sun. Organisns may use this energy directly, in the case of plants, or
indirectly, in the case of herbivores and carnivores. Each organismis a

menber of a particular trophic level, where a trophic level is defined as
". ..a collection o%'species which feed fromthe same set of sources and which
do not produce for each other” [Harnon, (1976, p. 260)]. In sence, each
trophic | evel can be thought of as a stratemin a food pyramid.— The
objective is to link mathematically the trophic levels. This will provide a
framework for discussing equilibria in the ecosystem

Before deriving the links, however, the actions of the individual
organi snms must be described. In a general equilibrium nodel. of an econony,
i ndividual consumers and firns are usually described as maximzers. But in an
ecosystem do nonhuman organi snms maximze? Mst people do not credit a wease
with thoughtful preference revelation when it raids the chicken coop instead
of ferreting out a nouse or two. ™. ..nmen consciously optinmze, animls do not
- they survive by adopting successful strategies ‘as if’' conscious
optim zation takes place” [Hirschleifer (1977, p. 4)]. This “as if”
assumption is sufficient to capture nuch of the behavior of nonhuman
organi snms, and, thereby, establish a fruitful nodel: if one always renmenbers
that these organisms are not human, it can be worthwhile to treat them as
solving hunan-1ike problens.

“

Various suggestions have been nade as to what it is that nonhuman
organi sns naxi m ze, or behave as if they are nmaxim zing. Lot ka (1925)
devel oped a nodel where the maximand is the rate of increase of the species.
This rate is a function of food capture, shelter, and other physical needs.
Obt ai ni ng these needs requires energy expenditure. If a species isS to be
successful, then the energy expended on the needs nust be |less than or equal
to the energy acquired. Lotka characterizes a maximum in this systemwth a
set of equations where the marginal productivity (i.e. , an increase in the
speci es) of an energy expenditure equal s th& marginal loss (i.e., a decrease
in the species) of that energy expenditure.— Mdern work has enphasized the
role of energy nore directly in the search for a maxinmand. Odum (1971, p. 90)
points out that ldife requires power and “... the nmaxi num and nost econonica
collection, transmission, and utilization of power nmust be one of the
principal selective criteria. ..” Finally, Hannon (1976) develops a nodel
using stored energy as the nmaxi mand. Stored energy is sinply the energy
squired by the organismless the energy needed to maintain itself. Hannon
argues for the reasonabl eness of this objective based on general observation,
and on the increased organism stability it provides during periods of
fluctuating inputs.
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The stored energy approach is used here. It does not seemto differ
significantly from Lotka's approach, particularly since he viewed organi sms as
energy transfornmers. As indicated in the next section, if organisms of a
speci es are successful in storing energy, this is interpreted as |leading to an
increase in the species. Hence, the stored energy approach appears acceptable
to nodern ecologists, and consistent with the pioneering work of Lotka.

For specificity, suppose the organismis a fox which, as an energy
transfornmer, gathers all its energy from food, and then assinmlates this
energy for various purposes. All input energy must be accounted for as output
energy in the formof waste heat, netabolism growh, reproduction, |losses to
predators, detritus, mechanical activities, and storage. Let x, and €',
i=1,... ,n, be the mass flow fromthe ith source to the organism and the ener gy
content per unit of nmass i respectively. The x  may be various species of
smal | manmmal s preyed upon by the fox. Total 1input erergy i S then:

n
Z ei'xi (1)
i=1

Let ¢" be the energy spent to obtain a unit of x , so that the net input of

energ)} froma unit of X is Ei = i - E“i. Therefcl>re, net input energy is:
n
E. X (2)
i€ i
The energy outputs are given by x , k = n+1,.. ., mand the energy content per
unit of x, is e€,. For exanple, x mav be the activity of searching for a den,

and €, is the energy spent per uhit of searching. For sone inputs such as
heat foss, X is nmeasured in energy and g, = 1; however, no loss of generality

results from using Qe Tot al ener gy out put is:
m
Z € X (3)
k=n+1 k ok
Stored energy is the difference between input and output. It represents

energy in excess of what is needed for viability. Let r be this energy.
Then, using (2) and (3):

n m
r= TE X - 4
L i1i 5:. “kxk (4)
=1 k=n+ |
For convenience, all inputs and outputs will henceforth be denoted x_,

)

88



j=1, ..., m*n, where x_ > 0 for inputs and x < 0 for outputs. Each ¢ x
interpreted now as aJnet i nput of energy. ‘Thus, if index jis heat lgs:',j the
net energy input fromheat loss is -e x . Expression (4) can be rewitten as
3]
m+n
r= Z € X, (5)

The objective of the fox is to maxim ze expression (5).

A bundl e of net inputs for the organismis represented by the m+n real

nunbers x=(x .....X ). Not all bundles are feasible for the organi sm The
f ox cannot contmua‘hv catch squirrels without ever losing heat energy. The
set of feasible bundles will be called the physiol ogy set.— 1In essence, this

set places constraints on what is achievable for the organi sm by descri bing
t he physiol ogi cal processes which convert inputs to outputs. For exanple, as
a general rule of ecology, in order for the organismto use ingested material,
it nmust oxidize the organic nmolecules in the material it ingests. [ See
Morawitz (1968, Chap. 5)]. This creates useful energy, but some fornmerly
useful energy is also lost as heat. The physiology set also will depend on
anbi ent tenperature, tinme of year, and other environmental conditions. Human
activities mav influence this feasible set. Acid precipitation is a good
example of a human activity that interacts with an ecosvstem via alterations
in physiol ogy sets.

A simple diagram illustrates these notions. Suppose for the fox there is
only one input, squirrels, and one output, nechanical activity. Figure 1
shows the physiology set as the shaded region. The set is entirely within the
second quadrant where squirrels are consumed in positive quantities and
mechani cal activity is a loss or a negative quantity. Wth mechanical

A

activity of &, the fox can attain a quantity of squirrels x, a quantity %, or
any anount befween % and the horizontal axis. Bundle & repesents the greatest
amount of squirrels attainable for &, For this reason, % is labelled an

efficient point of the physiology se? and all points along the heavy curved

border of the set are referred to as the physiologically efficient points.

Definition: ‘A bundle ® = (xl, 4 ) in the physiology set X is
phyS|oI ogically efficient if there Eoes not exist an alternative bundl ex
(%, . +.x )inx such that X > % ,j “1,...,mtn, and x, > &, for at

| east one j.m’m : J .

Thus , a physiologically efficient bundle is one where greater anounts of

energy cannot be attained without even greater losses of energy. Note that
points along the nonheavy border in Figure 1 are, therefore, not
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physi ol ogical ly efficent.

The dependence of the physiological set on environmental conditions is
depicted in Figure 2. The upper cross-hatched area may represent the
physi ol ogi cal set of a lake trout prior to the occurrence of acid
precipitation, while the | ower cross-hatched region represents the trout’'s set
subsequent to the acid precipitation. This change clearly indicates a
detrinental effect from the pollution.

The fox behaving as a stored energy maximzer can be illustrated in the
sinple diagramas well. Wth one input and one output, the fox maximzes th,
expression from (5)

F %1 oxe (6)
For a fixed level of stored energy, r, (6) can be plotted as the line in
Figure 3 labelled r. A higher level of stored emergv is shown by the Iine
3 The vertical and horizontal intercepts indicate the stored energy
attainable, and the further the line fromthe origin in the first quadrant,
the greater the stored energy. Gven a particular point, say %, and energies
.. and e, the stored energy is given by r. The slope of the line is the
ratio -e£_/e., or the rate at which squirrels can be transformed into
mechanica;_)lealﬁlrgy in the ecosystem Thus , the el‘s are the energy prices the
fox faces.

The fox is assuned to take e. and ¢ as given.; that is, he has no control
over these val ues. Thev are parameters in hi s maxim zation probl em The
poi nt of maximum stored energy will be given by that stored energy line that

is furthest above the origin, but still having at |east one point in common
with the physiology set. Qoviously, this point will be one that is
physiologically efficient. Figure 4 illustrates maxi nums of # for values &

and &, and r for values £ and ¢,. The maxinizing solution depends on the
shape of the physiological set and the val ues of e, and e . At &, greater
l evel s of mechanical activitv and squirrels prevail, becauSe squirrels have
nore energy content (é1 > El) and/or nechanical activity results in less
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Figure 4.1
The Physiol ogy Set

squirrels

‘1

%)

‘1

R 0 : -
2 Mechani cal activity
‘2
Figure 4.2
Effect of Environmental Conditions
out put
I nput
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. Figure 4.3
Attainable Stored Energy

Figure 4.4
The Maxim zing Solution
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energy loss
(8. < e)). For val ues s%hand_r _ the fox would not nmove beyond point x. To
do so would nmean nore aanlcalzactlwty and nore squirrels, but the energy

gai ned woul d be | ess than the energv lost. Mving from x to ® woul d nean a
drop in stored energy fromr to r.

‘.

A maxi mum will exist provided certain restrictions are placed on the
physi ol ogy set. In particular, the set nust be bounded and include its
boundaries. These restrictions do not seem unrealistic. Figure 5 illustrates

a set that is not bounded. For positive ¢ and £ ,. maximum stored energy is
infinite. The shape of the set nust be left to experiments, observations, and
statistical analysis, and it can be expected to vary significantly anong

or gani sns. Research into these shapes is necessary to apply the theory
presented here.

Further insight into the naximzation nodel can be gained by returning to
the general case with n+m variables. To do this, the concept of a physiol ogy
function is introduced using the physiology set. For any set of values of all
but one of the net flows, x , there is only one val ue of x, that is compatable
wi th physi ol ogi cal eff1c1engy This is obvioys for the twd variable case from
the figures above. For n+m vari abl es, etet L= ,...,x Lo
then there is a one-to-one correspondence between the rn+mil d;mgns,lgn1 \(@é}tﬁ?}r
x © and the scalar x,. In functional form

k|
X, = f(X-J)
a1
or equivalently
F(x) = xg—f(x_J) = 0 (7)

The function F(x) is the physiology function, and, bv construction, it
enbodi es physiological efficiency. That is, & is physiologically efficient if
and and only if F(%) = Q In two dinmensions, F(&) = Oinplies that £ is on
the border of the physiology set.
The maxinization problem can be restated as
m+n
=1 1 (8)

subject to F(x) =0

where F(x) is assuned to be twice differentiable and the physiology set is

93



Figure 4.5
An Unbounded Physiol ogy Set
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assumed to be strictly convex. Strict convexity assures that the second-order
sufficiency conditions of the naximzation problem are satisfied, and that
there is a unique maximum  The Lagrangian for problem (8) is:

m+n
L(xsA) = X + AF(
L 5t T )

and the first-order conditions for a naximum are

AF ()
XI: E + X — =0 i=1,...,mn (10)
l ax .
]
gt F(x) =0 (11)

Dividing any two conditions in (10) by each other yields

AF(x)/ox, €,
AF(x)/3xj €] (
so that for a maxinum the ratio of partial derivatives of F(x) nust be equal
to the ratio of energy prices. Using (7),

—J _
F(xl,. ..,xj_l,f(x )’Xj+l’.""'xm+n) =0
and differentiation with respect to x,, i #j, yields
- 9 3
3F(x ) Fla)/ox,
ax ) BF(X)/ij (13)

Thus , the left-hand-side of (12) can be interpreted as the rate at which x,
must be substituted for x. while all other values are held constant. Or, f3r
the fox's predatory behav%or, (12) states that the rate at which he can trade
squirrels for rabbits while maintaining stored energy nust equal the rate6 at

whi ch he can exchange squirrel energy for rabbit energy in the ecosystem.—
Alternatively, (12) and (13) can be used to obtain

-j
de flx 7)) _ 1 (14)

35_ X,
11

I4

The left-hand-side of (14) is the rate at which energy fromsource j nust be
traded for energy fromsource i in order to remain physiologically efficient.

95



Or, substituting squirrels for rabbits nust |ower the input of rabbit energy
at the same rate squirrel energy is increased

The conditions for a maxi mum given bv (12) can. be related to the earlier
figures. Condition (12) for the one input-one output case is shown by the
tangency in Figure  4; The left-hand-side of (12) is the slope of the
physiologv set border, and the right-hand-side of (12) is the slope of the
stored energy line.

The first-order maximum conditions given by (10) and (11) constitute
m+n+1l equations which can be solved for the optinum values of the x and i as

functions of the energy prices. A solution is guaranteed by the asghmption of
a convex physiology set. Thus , there exist the functions

X, ¢, () j = 1,0 ..,mtn (15a)
] J

A ¢A(€) (15b)

th . . .
The function ¢ (e) indicates the amount of the j i nput acquired or j th out -

put spent, giv%n the energy prices of all inputs and outputs. Substituting
t hese anmounts back into the objective function gives the maxi mum stored
ener gy,

m+n

r = z;l ej¢j(e) (16)

If j represents rabbits, ¢.(e), can be thought of as the fox’s denand for
rabbits at prices E :

Finally, the ¢.(¢) ternms can be substituted into (10) and (11), and
derivatives can be taken with respect to the ¢,. This yields the system of
equati ons: J

m+n 9F(x) 8¢k(e) 3¢k(e) 3F (%)

= '

Lr L St e e ax, 0 (109
k=1 ik 3 j 3

jsk=1,...,mn
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m+n
Y OF (x) 39, () _

k1 Py 3e.

|
This system can be-used to solve for the 3¢ (e )Pe , values, and, by the

0 j=1,...,mn (11Y)

second-order conditions, J
3¢, (e
b0 50 5=1,..., mn (17)
de
h|
The interpretation of (17) is that an increase in the energy price of a net
input results in an increase in the use of that input. If the net energy the

fox could obtain froma rabbit were to increase while the net energy obtained
froma squirrel remained the same, the fox would chase nbre rabbits and fewer
squirrels. A simlar interpretation holds on the output side

Before closing this section, a brief conparison between this nodel and
econom ¢ nodels is worthwhile. The energy storage maxim zing organismis
anal ogous to the profit maximzing firm The firm uses inputs (capital
| abor, etc.) to produce outputs (guns, butter, etc.). The firm s technol ogy
set consists of net outputs, so that inputs are negative and outputs positive.
This is opposite to the organi sm whose physiol ogy set is made up of net
inputs. Moreover, the firm pays monev to buy inputs, and collects nmoney in
selling outputs. This also is opposite, since the organism collects energy
frominputs, and pays energy for outputs. Inequality (17) is, however, the
same for the firmand the organismsince the two opposites cancel..

Miultiple Organisns

An ecosystem conprises manv stored energy maxim zers which nust be |inked
to provide a. conplete picture. Each organism belongs to a species, ard sets
of species form trophic levels. The trophic levels are links in a food chain
or levels in a hierarchy. Each species feeds on species in | ower trophic
levels, and in turn provides food for species in higher trophic |evels. Some
hi erarchies may be considerably nore conplex than others in that sone species
may interact with other species from many different trophic levels. Thus the
inputs and outputs of the previous section represent inputs from other
organi snms and outputs to other organisns.

At the bottom of the hierarchy are the sinplest plants who derive al

their input energy fromthe sun. In fact, in an ultimte sense, the sun
supplies all the energy consumed by the ecosystem  This provides one equation
in the ecosystem nodel: total output energy in the formof heat which is |ost
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in the ecosystem equals total input energy from the sun

By responding to energy prices, €, each organi sm behaves as the stored
energy maximzer of the previous section. W assunme each organismto be
i nconsequential with regards to its effect on the ecosystem since there are
SO many other organisns. Fromthis we infer that each organism has no contro
over the energv prices. This is consistent with the maxim zation process
di scussed above. However, the relative energy prices are determined by the
activities of the organisns in the ecosystem The fox's energy price for
acquiring rabbits will depend on the availability of rabbits. If an
exogenous shock were to reduce the number of rabbits drastically, we would
expect the energy price to increase for the fox, causing a decrease in the
fox's stored energy.

The existence of an equilibrium ecosystem given the nunber of interact-
ing maxim zers, and given a set of initial conditions or initial nunbers of
organi sms and environmental surroundings, requires a set of energy prices such
that all organisns are maxinmzing stored energy while at the same tine inputs
are consistent with outputs and total energy is conserved. Existence will
depend on the forns of the physiology sets and on any threshold conditions
that may prevail. For instance, too few individuals of a certain species my
lead to a total collapse of the species. There is also the possibility of
multiple equilibria. That is, equilibrium if it exists, nmay not be unique
Di fferent equilibria may consist of a variety of configurations of species
numbers.

In accordance with Hannon (1976), stored energy is zero for all organisns
in the equilibrium ecosystem Recall that stored energy is energy above and
beyond what is needed to survive. This is analogous to all firms nmaking zero
profit in a perfectly conpetitive economy. To see why this is, suppose an
equi libriumexists and all species have zero stored energy; then consider an
exogenous change that causes foxes to have positive stored energy. The foxes
are healthy, vigorous, and increasing in nunbers. But this means that each
fox will now face greater competion in his search for energy inputs. Nunb ers
of rabbits will decline, and the energy price of rabbit inputs wll increase
This increase will cause a decrease in the foxs' stored energy, until zero is
again attained. A new equilibriumis established, although it mav be one with
more foxs and fewer rabbits than before. The same type of scenario can be
used to show how the systemresponds to negative stored energies.

Setting up a mathematical nodel to study this ecosystem equilibriumis
simlar to the problem of setting up a general equilibrium conpetitive nodel
of an econony. The mathematics of existence can be conplex, and will not be
pursued here. However, efforts along these lines should be rewarding.
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I nsights could be had regarding: 1) whether the stored energy behavior
concept is consistent with observed equilibria; 2) those restrictions on the
physi ol ogy sets consistent with equilibria and with field and experi nental
observations; and 3) the effects exogenous shocks, such as human induced,
acid precipitation, have on these equilibria.

Common Ecol ogi cal Thenes

Vatt (1973, p. 34) sets forth the following as a fundanental principle of
ecol ogi cal science: the diversitv of any ecosystemis directly proportional
to its biomass divided by its productivity. That is:

_ B
D= k() , (18)

where D is a diversity nmeasure directly related (Pielou, 1977, Chap. 19) to

t he nunber of species in a given habitat and the rel ative abundances of each
species; — B is the total weight or standing biomass of living organisns in a
habitat; P is the amount of new living tissue produced per unit time; and k is
a constant differing from one habitat to another. Thus, for a given bionass,

system diversity and system productivity are inversely related.

Wthin a given habitat, d(B/P)/dt > 0, inplying that in the early life of
an ecosystem the production of new tissue is very large conpared to the
amount of biomass. This high relative productivity is the source of biomass

growt h. It is achieved by introducing into an abiotic or stressed environnent
a small nunber of pioneer species (e.g., weeds) with rapid growth rates, short
and sinple life cycles, arid high rates of reproduction. In the mature stages

of an ecosystem a wider variety of organisns that grow nmore slowly and have
longer life spans is present. Net production or “yield” is lower in a nature
syst em because nost energy i S invested in naintenance of the standing bionass.
Thus, whereas energyv in the pioneer stage is used to increase biomass, so that
arelatively empty habitat can be filled, all the captured energy coming into
a fully mature systemis emploved to maintain and operate the existing

bi onass, which already occupies all the habitat territory avail able.

Ecosystens that must live under intermttent or continued severe stress
exhibit the attributes of inmmature systens: they have relatively |ow
diversity and bi omass but high throughput of energy and thus high yields.

Ecol ogi sts traditionally prefer ecosystens with |arge biomass and
diversity. This preference for mature ecosystens appears to rest on two
positions: the maximzation of system energy capture; and the maxim zation of
system stability. In the first case, more energy is captured per unit bionass
in a mture svstem because | ess energy has to be “wasted” in growth and
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reproduction activities. The distinction is sinmlar to Boulding's (1966)
description of the “cowboy econony” and “the spaceship econony”, where the
former maxim zes throughput and therefore energy diffusion, while the latter
maxi m zes inconing energy concentration and fixation. According to Margalef
(1968), the immture or stressed system expends nore energy per unit bionmass
in reproduction in,order to make up for its more frequent |oss of individuals.
In addition, because of its relatively small energy recycling capacity and its
relative inability to alter and to renew its environment in ways favorable to
its sustenance, it nust expend relatively nore energy per unit bionmass in food
gathering activities. The immture system thus expends relatively nore energy
in producing new tissue to replace that which has di sappeared (depreciated).
In contrast, the nmature system expends nost of its incomng energy in keeping
what it has already developed: it is durable. Because it sustains a greater
bi omass per unit energy, the nature system is frequently said to be nore
“efficient” (B.P. Gdom 1971, p. 76).

Al t hough exceptions appear to exist [May (1971), Jorgensen and Mejer,
(1..979)], the greater efficiency of mature ecosystens is associated in
ecol ogical thought with greater stability, where stability is variously
interpreted to nmean systemresiliency to exogenous shocks or infrequent
fluctuations in standing stock. This stability is thought to originate in a
set of homeostatic controls present in greater nunber and variety in mature
systens, thus providing a greater nunber of avenues through which the system
can recover from damages to one or nore of its conponents. The greater
simplicity of the immture system is thought to increase the likelihood that
if anvthing goes wrong, everything goes wong. Thus nonocul ture, which are
by definition the sinplest and | east diverse of ecosystens, are susceptible to
bei ng wi ped out by any single pest or event to which they are sensitive.
Incom ng energy flows only through one or a small nunber of pathways; when
this pathway is degraded, no neans to capture energy renains. The system
therefore collapses unless energy subsidies (e.g., fertilizers) are provided
from outside. These subsidies are of course a further source of the low
bi onass supported per unit incom ng energy that is characteristic of inmmture
ecosyst ens.

The human dil enma posed by the ecol ogists then involves a tradeoff
between high yield but risky immture systenms with undifferentiated
conponents, and |low yield, reasonably secure systems with a variety of
conponents. Even if the requisite energy subsidies were usually available, an

earth covered with cornfields would be dangerous. Moreover, given, as
Scitovsky (1976) convincingly argues, the human taste for variety and novelty,
a world of cornfields would be exceedingly dull. Nevertheless, flowers and

butterflies nourish only the human psyche; they provide little relief to an
enpty stomach. Human activities increase biological yields by accelerating
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energy flows through ecosystens. In terns of the model of the previous two
sections, these activities increase overall energy prices. To acconplish
this, they sinplify ecosystem structures, either by keeping themin a
perpetual state of immaturity or by inpoverishing the energy flows their
habitats can produce.

In the context of the above perspective, pollution, such as acid precip-
itation, harms human wel fare by reducing vields of the nmaterial scaffold of
wood, fish, and corn and by increasing ecosystem sinplicity: vields are
reduced and nonotony is increased. Woodwell (1970) notes that by elimnation
of sensitive species, SO air pollution around the Sudbury snelter in Ontario
first resulted in a reduction in the diversity and biomass of the surrounding
forest. Finally the canopy was elimnated with only resistant shrubs and
herbs surviving the assault. He al so notes that chronic pollution reduces
pl ant phot osynthesis w thout having nuch effect upon respiration requirenents.
As a result, large plants, which have high respiration requirenents, are
placed at a disadvantage relative to small plants. In a vivid i mage, he
posits the replacenment of the great variety of phytoplankton of the open ocean
bv the algae of the sewage plants that are insensitive to just about any
stress

Valuing Diversity and Yield

In accordance with the treatnments of Hannon (1979), Mauersberger (1979),
and sections two and three of this chapter, the ecosystens refered to in the
foll owi ng devel opnment are long-run equilibria sustainable with various
conbi nati ons of energy from solar, biogeochemical, and subsidy sources.
Contrary to nuch of the ecological literature, day-to-day transient states in
the rel ative abundances of various species are disregarded. This permits us
to concentrate upon a snall nunmber of key expressions and basic principles,

t hereby avoiding the bew | dering black-box flow diagrans often used by
ecol ogi sts. We wish to gain insight into two questions. First, what is the
econom ¢ value of the quantity of each species that a location is producing?
For our purposes, a location is sinply a set of map coordinates. Second, what
is the economc value of the assortnent or bundle of species that the |ocation
is producing? That is, what is the value of a particular ecosystem design?
For a particular species assortnent, the first question is usually answerable,
gi ven that market (ng} energy) prices of each species unit are readily
observed or inferred.— However, the second question, whether treated singly
or in conbination with the first, has not yet been grappled with insofar as
ecol ogi cal questions are concerned. VW adapt a nodel. of Lancaster’s (1.975) to
deal sinultaneously with the two questions

To anal yze these two questions, we need a nodel pernmitting us to trace
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t hrough the inmpact upon the econom c benefits derived from ecosystens of
changes in specie quantities and assortments caused by changes in energy
[1108. The first step in doing this is to define an ecosystem e , as a set
of species, where these species are in fixed proportions to one another.
Expression (19) identifies ecosystemi with n species and

i b}
arza-'-,r ) (19)

wher e rL is the quantity of species j. Bionass is used to normalize the
measure’of different species. An ecosystemthus contains different species in
a particular proportion at a single location. Ecosystems that contain species
in different proportions are considered to be different ecosystems. Gven the
linearity of (19), the species content of x units of an ecosystemis sinply x
times the content of each species in an ecosystem unit.

Allow some tine interval sufficiently long to pernmit each feasible eco-
systemto attain a long-run equilibriumdefined in accordance with the nodel

of sections two and three. Assune that a given anount of energy, E, from
solar, biogeochemical, and subsidy sources is available for this tine interva
at the location in question. Included in the biogeochemical energy source is

the energv currently stored in the standing biomass. Wth E, a variety of
ecosystens can be established, the range of the variety being deternined by

t he physiol ogy sets of each species and the ways in which the species interact
with each other.

Note that our notion of long-run equilibriumneed not be a climax bio-
logical equilibrium that is, it includes other sustainable states as well.
In particular, by including energy subsidies and biogeochemical energy in
avai |l abl e energy, we allow inmature ecosystens to be forned and sustained
For exanple, an energy subsidy is being provided a vegetable garden when it is
weeded and when it is harvested. The weeding prevents the garden from
“reverting” to field, woods or prairie; the harvesting prevents the standing
stock of vegetable plants from suffering the effects of congestion. Thi s
standing stock will produce, period after period, a unique sustainable flow of
new bi omass or yield as long as the requisite biogeochemical energy and energy
subsidies are provided. Sinmilarly, with enough of an energy subsidy (as with
a greenhouse) in Wyoming, one Can sustain a banana-nmango ecosystemwith its
associ ated flow of bananas and nangoes. VW assume, whether reference is to an
entire ecosystemor to a particular species within that system that the
sustainable yield neasure is an order preserving transformation of the
standi ng stock neasure.

For a particular quantity of incom ng energv, there will by sone nmaxi num
anount of each ecosystemthat a particular |ocation can produce.= Let the
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m ni mum energy requirenents for producing an ecosystem be given by:
E = E(e(r)) ¢(x), (20)

where the elements of the r-vector are sustainable yields per unit time. ¢(r)
will be called a diversity possibilities function. [t shows the maximum
guantities of various species conbinations that a location can sustain wth
given available energy each period. W assume that ¢(r) is honothetic and
convex, and that ¢ > 0. For a given energy flow at a particular |ocation.
Figure 6 illustrates a diversity possibilities function for grass and corn

In Figure 6, four ecosystens are depicted, one of which, e , contains
only grass, and another of which e, , contains only cows. Two ecosyst ens, €ys
and e ., containing grass and cows in different conbinations, are also
depicted. If enough alternative ecosystens are possible, a continuous
diversity possibilities frontier, E can be forned, as we assumed in (20).
For given energy availability, each point on the frontier, E represents the
maxi mum quantity of one species that can be produced with a particular
quantity of the other species being produced. Since cows probably use
relatively less, if any, solar radiation directly, a progressively greater
proportion of biogeochemical energy and energy subsidies will be included in E
as one noves from the vertical axis to the horizontal axis.

The convexity of the frontier follows from an ecol ogical version of the
econom ¢ |aw of diminishing returns known as Mitscherlich's law [Watt (1973
p. 21)]. As progressively nore energy is diverted from grass production to
cow production at the location in question, the increment to the latter wll
decl i ne. Simlarly, the diversion of energy fromcows to grass will result in
declining increments to grass production. Since in Figure 6, the cows could
feed upon the grass, the convexity of the feasible region is also attributable
to the less bhiologically efficient use of the given available energy by cows
than by grass. As a food chain |engthens, the anount of original. energy used
for production bv species distant fromthe original erergy input tends to
decrease at an increasing rate (E.P. dom 1971, Chap. 3). O course, as
Tullock (1971) recogni zes, the croppings and droppings of the cows may recycle
sonme of the energy originally enbodied in the grass and cause both grass and
yields to increase over some portion of the frontier. However, as grass
becones scarce, the cows nmust expend progressively nore energy in search for
it, if it istoremin a part of their food supply. Finally any cow grazing
what soever mght be so harnful to grass that the frontier bows inward, causing
a nonconvexity problem for applications of econonic optinization techniques

The assunptions of homotheticity and ¢” > 0 for (20) inply that: ¢(x,r)°
F(MD¢(r) for all x, r > 0. In terms of Figure 6, these assunptions nean that
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there could exist a series of simlar diversity possibility frontiers, one for
each level of energy availability. The greater the |evel of energy
availability, the farther would be the associated frontier fromthe origin
Therefore the biomass of any species obtained in a particular ecosystemto
which greater quantities of energv are nade available will increase but not
necessarily on a one-to-one basis with the increase in available energy.

To nmeke different ecosystens conparable, we define the solar radiation to
which the location in question is exposed per period as the unit anpunt of
energy, E. [Each of the ecosystens that can be produced by this unit energy
are therefore conparable in terms of the biomasses of each species enbodied in
them W shall call themunit ecosystems. Keeping in mnd that an ecosystem
is defined as enbodying species in fixed proportions, an altered quantity of
an ecosystemis a sinmple multiple of the quantity of any species appearing to
some positive degree in the unit ecosystem

To conplete the nost fundanmental parts of our analytical apparatus, we
introduce a well-behaved utility function, U(r), for a representative person.
Assuming others, energv subsidies to the relevant location to be
predetermined, the Lagrangian of this individual’s decision problem then can
be stated as:

L = U(r) + u(E - 6(r)). (21)

The first-order necessary conditions for a maxi numof (21) are,

U 3 _ (22)
Br—MBr =0

and the constraint expressing the available energy. Expression (22) states
that the individual will equate the marginal utility he obtains froman addi-
tional unit of a species to the marginal cost of expending the energy to
acquire that additional unit. Figure 7 is a diagrammtic representation of
(22) for two types of ecosystens, ., and e , and two indifference curves U_,
and U_.. Wth available energy, E, Hhe i ndi2vidual s utility-maximzing choice
is clearly at A, which corresponds to (22). W shall therefore call any eco-
system which conforns to (22) the ideal ecosystem This is the ecosystem
having that species assortnent nost preferred by the individual

Assume that our representative individual, perhaps because he is unable
to exercise enough influence over land use, cannot have the e, ecosystem
Instead, he nust face the e, svstem a system containing substantially nore

cows and less grass. The latter system may be considered to be less “natural”
since its maintenance likely requires substantial man-supplied energy
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subsidies. Wth the available energy, E, the individual will be worse off
with the e_ system since the highest utility level he will be able to reach is
U at C f he were to be as well off with the e_ systemas he would be with
t%e i deal systemat A, he would have to be at %. The attainnent of B,
however, requires nmore input energy as indicated by the diversity
possibilities frontier, E*. Since OA and 0C both require E units of energy,
while OB requires F* ‘energy units, the energy quantity required to conpensate
the individual for the fact of the e, systemis E¥ - E along the e.-ray. The
conpensating ratio, OB/0C > 1, is then the quantity of the existing system
relative to the quantity of the ideal. svstem that keepns the individual at the
original utility level. Since 0B and 0C are each defined in energy units, the
conpensating ratio is a pure nunber. A glance at Figure 7 makes it obvious
that this conpensating ratio will be greater, the less substitutable the two
systenms are for one another, the steeper the slopes of the diversity
possibility frontiers, and the wider the difference between the ideal
ecosystem and the actual ecosystem Tn addition to dependi ng upon underlying
preferences and production conditions, this ratio is obviously a function
h(e,e*), where e* is the species ratio in the ideal ecosystemand e is the
species ratio in the existing system Lancaster (1975, p. 57) describes the
properties of this conpensating function, which nmust be convex.

If all existing ecosystens are not to be ideal ecosystens, the preceding
framework inplies that in the real world there are some ecosystens produced

under conditions of increasing returns-to-scale. | f decreasing returns-to-
scal e were universal, less energy would be used by producing fewer units of a
greater variety of ecosystenms. In the extreme, each individual would have his

i deal ecosystem available to him Simlarly, under constant returns-to-
scale, the quantity of energy used to produce a quantity of an ecosystemis
directly proportional. Thus, wth decreasing or constant returns-to-scale,
any individual. who does not have his ideal ecosystem available is using nore
input energy to attain a particular utility level than would be required with
his ideal ecosystem Casual observation suggests that everyone is not happy
with the ecosystens they have available. One plausible reason for this %ﬁ/the
presence of increasing returns-to-scale in the production of ecosvstems.~—
That is, the presence of increasing returns-to-scale for sone ecosystens may
force the individual to choose between an ideal diversity of ecosystem
conponents and reduced energy consunption per unit of production for some
smal l er set of these conponents.

Let us monmentarily return to (20), which gives the amount of input energy
required to produce some anount of a particular ecosystem Because of our use
of energy to bring the unit quantities of different ecosystens to the sane
measure, and because of the properties we have assigned to the diversity

possibilities frontier, if Ql’ and Q2 represent quantities of different
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ecosystems, e, and e, then f (Q ) = f_(Q,) . Q.=Q...,,. allows ,k |
performthe analysis‘in terns of " a1 Si ngzlze i‘?ﬁputh?[]nct]-i orf- hi's S
E = £(0) (23)

The energy required to produce quantity Q0 of e, and quantity Q of e is
) . . 1 2 2
given by the sum of the two input functions:

E = flle) *£,0,), (24)
and not the sumof the quantities of (Q, + Q). [If £.(Q )+ £ (Q) =
£(Q. + Qz), then constant returns-to-scale woul d exi Sll. As suaﬁ, We assune
f£()™> 0, "and f'(Q > 0, but we need not assune that all incom ng energy

results in additional biomss, nor need we attach any sign to f“(0).

Now define a degree of economies-of-scale paraneter, 8(Q), which is the
ratio of the average energy input requirenent to the narginal energy input
requirenent. This is sinply the inverse of the elasticity of (23), or:

f(0)

8(0) = ——— = L £!

If 8is a constant, £(0) will then have the form

1/6
E=EQ , (26)
0
the i nverse of which is
5]
0 = akE (27)

This last expression is imediately recongizable as a hompbgeneous function of
degree 0. If 6> 1, there are increasing returns-to-scale; if 8 = 1, there
are constant returns-to-scale, and if 6 < 1, there are decreasing
returns-to-scale.

In expressions (21) - (22), we derived the representative individual's
i deal diversity of ecosystem conponents, assuming that he faced no tradeoffs
between this ideal and |owered unit energy costs of ecosystem production. We
are now prepared to consider this question of the optinal deviation of the
actual ecosystemavailable to the individual fromthe individual's ideal
ecosystem

Assune we wi sh to enable the individual to relaﬁx sonme predet ern ned

arbitrary utility level with mnimm use of energy. Let @ be the
quantity of an. ideal ecosystem e*, that is required for the individual to
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reach this predetermned utility |evel. If the available ecosystem e, is
noni deal, the individual will have to be conpensated by being provided nore
than 0* of the available system According to our previous definition of the
conpensating function, h(e, e*), the anount of the available eco-system
required to bring the individual up to the predetermined utility level will be
Q*h(e, €*). Since the input function (23) is independent of the species
rati os (by the assumed homotheticity of production and the definition of unit
quantities), the optimal ecosystemis that which nminimzes the quantity, Q
required to reach the predetermined utility Ievel. That is, we wish to
mnim ze:

0= O*h(e, e*) (28)

This minimumis given by:

oh
* — = (
0% (29)
whi ch obviously corresponds to (22). This result is relatively trivial but it
does serve as a necessary prelude to determnation of the optinmal deviation of

the available ecosystem from the ideal ecosystem

Suppose there are n-1 less-than-ideal feasible ecosystens, the deviation
of each less-than-ideal systemfromthe ideal system being given by x = e* -
e.. Then the quantity of the ith ecosystem required to reach the
p%edetermined utility level is given by: Q.7 0%h(x ). The total energy
inputs required to reach this utility Ievel for al | systems, whet her ideal or
not, are then:

E = f[Q*h(xi)], (30)

where the X, are the variables of the problem From (30) is obtained:

dE  _ o* df dh Q*f'h' (31a)
dx, * dh dx
i i
or 1
Q*h' = L (31b)

for a mnimm expenditure of energy.

The interpretation of (31b) in economic terns is quite easy. The l.h.s.
of the expression shows the increase in the quantity of the ith ecosystem
required to naintain the predetermined utility level if there is a one unit
bi onass increase in the deviation of the available ecosystem from the ideal
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ecosystem  The denom nator of the termon the r.h.s. shows the increase in.
the available quantity of the ith ecosystemto be obtained with a one unit
increase in input energy. Thus (31b) says that the optinmal deviation of the
avai | abl e ecosystem from the ideal ecosystem occurs when the change in the
conpensating ratio is equal to the reciprocal. of the additional energy

required to produce nore of the ith ecosystem As the available ecosystem

deviates | ess from“thée i deal system the conpensating ratio decreases. If the
energy inputs required to reach the predetermined utility level also decrease,
then the ideal system would clearly be optimal. However, if the conpensating

rati o increases and, due perhaps to ecoromies-of-scale in production wth
sinmplified ecosystens, energy inputs per unit of yield decrease, then the
achi evenent of an optimumrequires that the tradeoff between the two be
recogni zed.

The optimm condition (31b) can be clarified when stated in elasticity
terms. Upon defining the elasticity of conpensating function as n = xh'/h

and substituting this and the elasticity, (23), of the input function into
(31b), we have

h
:h (X) = f b4 (32)

which if f, h, and 0 are fixed is sinply

nh(x) =0. (32b)

Thus the optinmal deviation of the avail able ecosystemfromthe ideal ecosystem
occurs where the elasticity of the compersating function, n (Xx), is equal to
the degree, 0, of econonmics of scale in production. |If x were such that n (x)
> 8, a one percent decrease in deviation of the available ecosystem vvoufb
require n, percent less in ecosystem quantity (remenbering that all ecosystens
are neasured in the same units because they are defined relative to a unit
ecosysten) and require n (x)/6 > 1 percent |ess energy resources, SO that
energy i nputs woul d be made smaller by reducing the extent O deviation from
the ideal system However, if n (x)/6 <1, an increase in the extent of
devi ati on woul d reduce energv inputs. Thus when n (x) = 6, the deviation. is
optimal. The welfare |oss from an increase in the deviation of the available
ecosystem from the ideal ecosystem is balanced by the increased ecosystem
quantity obtained for a given energy input.

The Inpact of Pollution

In the previous section, we have presumed that over some interval of the
input function, (23), there exists increasing returns-to-scale: that is, as
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nore energy is devoted to the production of a particular ecosystem the
ecosystem yield per unit of energy is increasing. Wen there are feasible
nmonocul tural ecosystens that yield an output (e.g. beef) highly val ued for
consunptive purposes, or as an input (e.g., sawtimber) for a fabricated good,
and if these ecosystens exhibit increasing returns-to-scale, then sone
deviation of the available ecosystem from the i deal ecosvstem may be optimal.
The condition for optimality is O%*h'=(£f') ~ or, in elasticity terms, n, (x) = 8
It is thus apparent that the extent of optimal deviation will vary mjgh t he
paraneters that influence the above conditions. The elasticity, n ,is
determi ned by the properties of the conpensating function, h. The eco-
nomies-of-scale parameter, 8, is either an exogenous paraneter (wth homo-
genous production) or is a function of yield, and thus of the conpensating
function.

Consider a pollutant, a, which might, in principle, effect h" , f' |, or
both. For exanple, a pollutant stresses ecosystens, making them inmmture, and
thus less diverse. In addition, for at least sone of the ecosystens remaining
viable after the introduction of a pollutant, their yields are | ess than they
woul d be without the presence of the pollutant, i.e. , the level of ecosystem
vield obtainable with any given provision of energy is reduced. Thus, in
terms of Figure 7, the diversity reduction would be reflected in a rotation of
the avail abl e ecosystem toward one or the other axes, while the reduction of
yield of whatever ecosystemwas ultimately available would register in a shift

of the diversitv possibility frontiers toward the origin. If the ideal
ecosvstem i S unchanged, and if the reduction in diversity represents a
movement away from this ideal system then the individual will require

addi tional conpensation if he is to remain at the original utility level. A
simlar result occurs if f' (the additional energy input required to obtain an
additional unit of an ecosystem) increases. In both cases, an increase in the
deviation of the optimal fromthe ideal ecosystem occurs. The effect of a
variation in aon the optinmal deviation is easily found by differentiating
ei ther (31b) or (32b),

Upon differentiating (32b) with respect to a, we get:

dx  (d8/da) - (dnh/da) (33)

da  (dn /dx) - (do"/dQ)

Given the convexity of the indifference curves, the dn /dx termin the denom

i nator rnust be positive. If the degree of econoni es-8f scal e is fixed or
declines with increases in the level of output, the d6/dQ termin the denom n-
ator nust be negative. Thus the denominator in (33) wll be unanbiguously

positive. The sign for (33) will therefore depend solely upon the terms of
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the numerator. If the ideal ecosystem has high diversity, the sign of dn /do
will be positive since the convexity of the indifference curve requires that
reduced ecosystem sinplification imply increased responsiveness of the
necessary conpensation to further sinplification.

The sign of d8/da in (33) is less easily determined. Renenbering that @
= (£)£'/(Q), it is plausible that increases in a would increase only f’,
implying that d6/de would be positive, but leaving the sign of the nunerator
in (33) dependent on the relative nmagnitudes of d6/de and dn /do . It is of
course possible that pollution would reduce the yields obtalnable for every
ecosystem for all output levels. This event would be reflected in a reduction
inf, implving that d6/da < 0, for a given f' and Q In this case, the
i ncrease ir pollution would reduce rather than increase the optinal deviation
of the available ecosystem from the ideal ecosystem

These results obviously imply that econom c anal yses which concentrate
only on the ecosystemyield effects of pollution can be seriously m sl eading.
In cases where pollution reduces both yields and diversity, the analyses wll
tend to underestimate the economc |osses fromthe effects. Simlarly, if
there exist cases where diversity is decreased while yields are increased, the
usual anal yses m ght not perceive any | o0sses. However, in some cases, the
usual analyses will exaggerate the severity of the losses. Harkov and Brennan
(1979 pp. 157-158) conclude, for exanple, “... that slower growing trees, which
often typify late successional comunities, are |ess susceptible to oxidant
danmage than rapid-growing tree species, which are commonly early successional
species.” Assuming that the ideal ecosystemis nore diverse than was the
avai |l abl e ecosystem before the increase in pollution, the increase in
pollution could reduce f',8, or both. 1In either circunmstance, nore inconing
energv Woul d be required than before to obtain a given yield with the i mmature
ecosystem The pollution may therefore reduce the optimal deviation of the
avai l abl e ecosystem fromthe ideal system In short, pollution can enhance
rather than hinder the willingness of individuals to live with mature
bi ol ogi cal communities! Obviously, in this case, any econom c anal ysis which
neglected the increase in diversity would overestinmate the econom c danages
attributable to the pollution.

A Sinmple General Equilibrium Model.

A sinmple general equilibrium nmdel of an econony and ecosystem w ||l now
be presented that in some respects captures nore di nensi ons of our basic
concerns than do preceding sections, but which does so at the cost of neglect-
ing some dinensions that the preceding sections feature. The ecosvstem will
be represented by the single stored energy variable r. O course, this masks
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many interesting questions (e.g. diversity vs. scale economes) due to the
| evel of aggregation taking place. Nevertheless, the ecosystem solves the
one-input problem

max I = Ele - €2X2

St ox, = gl{x_ 3 E ) (34)

where E_is a paranmeter @ndicati%g {he amount of human supplied energy into

t he ecogystem_ Tn the second section, we saw that E = g, The solution to
the problemis characterized by the first-order condiEion,

gy - PE(x3E) (35)
ax
‘1 |
This is the analogue of (12). |If the ecosystemis in equilibrium wth no

human interaction (i.e., Er =0), r=0.

In order to capture a general equilibrium setting, we now introduce a
Hicksian conposite good, 1z, into the individual’'s utility function. Thus
human preferences are given by:

Ulz,r) (36)

The termr appears in the utility function to indicate the hunan preference

for a natural environnment. ldeally, that environment should be pollution free
with little trace of intervention. In other words, for sonme z value, zero is
an opti num val ue of r. As intervention increases through increased £, r

increases and utility decreases for fixed z. Consumer preferences are ‘shown
by the indifference curves of Figure & The arrow shows the direction of

pref erence.
The production of z is given by the function
7 = f(EZ,r) (37)
where E is the energy used in the production of z. Stored energy enters z
since if represents that part of the ecosystem which is cropped to provide

goods in the econony.

The hunman problem is to maxinize (36), subject to (35), (37), and the
resource constraint on total available energy

E + : 38
r Ez E (38)
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Figure 4.8
Consuner Preferences
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Figure 4.9
A Natural State Optinmum
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Figure 4.10
An Interventionist Optinmm
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The solution is shown graphically by the two possibility curves in Figures 9
and 10. In Figure 9, curve P* is the production possibility frontier. As we
move from z*, incoming energy is being diverted fromthe production of z to r,
and, therefore, more r is produced. G eater r nmeans nore natural environment
is available for producing z. However, the shape of P* indicates that the
increase in r does not make up for the decrease in ® in the production of z.
The optinum is z* where the ecosystemis in a naturaf state.

The second possibility is curve P** in Figure 10. Again, energv i s being
diverted to r. But now in producing z, the increase in. r nore than nakes up
for the | oss of energy E as shown bv the shape of P**. The optimumis now
r** —z** where intervention in the ecosystem is justified. Exanples of these
possibilities may be forest harvesting since nost woul d agree that harvesting
forests for lunber is a worthwhile task. The first case may be harvesting
baby harp seals, since many argue that the goods made from the seals can be
made inexpensively using synthetics.

While this is a very sinple exanple, it is a useful means of displaying
the potential for describing the links between economes and ecosystens.
Questions of optinum exploitation and extinction can be inferred from sophis-
ticated versions of the analyses in Figures 8 through 10. But research is
needed to determine the shape of the possibility frontiers, which nmeans that
research into physiology sets of ecosystenms and the technol ogy sets of
econonmies will be required.

Sunma ry and Concl usi ons

W have tried to denobnstrate how the application of econonmic analysis to
bioenergetics, a framework with some degree of acceptance in ecology, can be
used to describe the behavior of ecosystems. Mreover, we have indicated how
the descriptions thereby obtained can be nade an integral part of a npbde
adapted from Lancaster (1975) that, in principle, can be used to value both
the yield and the diversity inpacts of stresses upon ecosystens. We are by no
means the first to express the thought that the human-induced ecosystem
effects for which one may feel secure using the conventional methods of
benefit-cost analysis may be those having the |east |ong-term econonic
significance. The conventional anal ysis di sregards mavflies because their
contribution to the food supply of trout has been untraceable. W believe
further attenpts to conbine bioenergetics and econom ¢ analysis nmi ght nake
this neglect untenable. Neglect of the life support services that mayflies
and their peers provide for trout may nean that the ultimte effects of
pol lution on trout, via mayflies, nmay go unrecogni zed and therefore
unaccount ed.
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Just as the conventional analysis disregards the |life support services
provided by soil microbes, dung beetles, and caddisflies, it focuses upon an
(inconplete) item-by-item listing of organisns in the ecosystem while failing
to consider how the proportions in which these organisns are present mght be
sources of hunman pleasure. The ecol ogi st, even though he has | acked an
accept abl e neans to val ue ecosystemdiversity, seens to have been nore
sensitive to this’'sotirce of welfare than has the benefit-cost analyst.
Economic efficiency, narrowly interpreted as mninizing the inferred or
observed cost of producing a given quantity of ecosystem yields (and thereby
t aki ng advantage of all scale economies), need not result in nmaxi mum human
welfare if there exists diversity in tastes anmpbng individuals for types of
ecosystens or if ecosystem conponents are not val ued independently of the
environmental state from which they come. W speculate that traditional
benefit-cost analysis, tothe extent that the information it generates has
been used for decision purposes, may occasionally have fostered Pareto- |osses
rather than Pareto-inprovements. At amnimm it has probably brought about
weal th transfers fromthose who val ue ecosystemdiversity and variety to those
who possess the machinery for producing and maintaining ecosystem honogeneity.
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This ignores other possibilities |ike geothermal systens or tides
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This is sonewhat sinplified in that it ignores nore conplex chains.

Lotka |ikens the devel opment of this nodel to the work of Jevans and the
marginalist school of econonmists. He recognizes that this maxinmal is not

appropriate for humans. Borrowing from Pareto, he describes humans as
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as pointed out earlier, has been propounded by many nodern day
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in econonmcs. The devel opment of the nodel presented here closely
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(1979, Chapter 7).

This is paraphrased for Russell and WIkinson's (1979, p. 129) definition
of technologically efficient bundles.

Condition (12) is analogous to the geonmetric solutions of Rapport (1971)
where he determines the optinum selection of two different preys. His

indi fference curves represent two net inputs and one net output in. the
model used here.

The nunbers of a particular species are capable of interbreeding.

See Freeman (1979) for a thorough survey of avail abl e techni ques
for answering this question.

The work of Bigelow and his colleagues (1977) is a detail ed account
of the ecosystem possibilities in a Dutch estuary. Odom (1971) and
other ecology texts are replete with other exanples
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O her plausible reasons exist. For exanple, a process through
whi ch the individual can register his ecosystem preferences nay be
| acki ng.

11/ The envel ope theorem (Shephard's lemma) assures us that the solution
to this problem is equivalent to the solution of the utility maxinization
probl em

117



Bl BLI OGRAPHY

Bigelow, J.H., C. Dzitzer, and J.C.H. Peters, Protecting an Estuary From
Floods - A Policy Analysis of the Oosterschelde, Vol. 111, R-121/3-Neth,
Santa Monica, CA: The Rand Corporation (April 1977).

Boulding, K. E., “The Economics of the Coming Spaceship Earth,” in H Jarrett,
ed. , Environnmental Quality in a Gowi ng Econony, Baltinmore, w.: The
John Hopkins Press (1966), pp. 81-92.

Col eman, D.C., et al. “Energy Flow and Partitioning in Selected Man-Mnaged
and Natural Ecosystens,” Agro-Fcosystems, 3(1976), pp. 45-54.

Energy Research and Devel opnent Agency, A National Plan For Energy Research,
Devel opnent, and Denonstration: Creating Energy Sources For The Future,
Washington, D.C.: US Governnent Printing O fice, (1975).

Freeman, AM 111, The Benefits of Environnental |nprovenent, Baltinore, o
The John Hopkins University Press (1979).

Ceor gescu- Roegen, N., “Energy Analysis and Econonmic Valuation,” Southern
Econonmi ¢ Journal 45(April, 1979), 1023-1058.

Grodzinski, W, R.Z. Kl ekowski, and A Duncan, Methods for Biological Energetic

Oxford, UK : Blackwell Scientific Publications (1975).

Hannon, B., “Marginal Product Pricing in the Ecosystem ™ Journal of
Theroetical Biol ogy, 56,(1976), 253-267.

Hannon, B., “Total Energy Costs in Ecosystens,” Journal of Theoretical
Bi ol ogy, 80(1979), pp. 271-293.

Harkov, R, and E. Brennan, “An Ecophysiological Analysis of the Response of
Trees to Oxidant Pollution,” Journal of the Air Pollution Control Asso-
ciation 29(February 1979), 157-161.

Hirshleifer, J., “Econonics froma Biological Standpoint,” The Journal of Law
and Econonics, 20{April 1977), 1-52.

Hobson, J.A., Economcs and Ethics, Boston: D.C. Heath and Conpany, (1929).

Jorgensen, S.E., and H Mejer, “A Holistic Approach to Ecol ogical Mdeling,”
Ecol ogi cal Mbdeling, 7(1979), pp. 169-189.

Kormondy, E.J., Concepts of Ecol ogy, Englewood Ciffs, N.J.: Prentice Hall,
Inc. , (1969) .

Krutilla, J.V., “Conservation Reconsidered,” The Anmerican Econom ¢ Review,

118



57(Decenber, 1967).

Lancaster, K J., “Socially Optinal Product Differentiation,” The Anerican
Econonmi ¢ Review, 65(December, 1975), pp. 567-585.

Lotka, A.J., Elements of Physical Biology, WIllians and WIkins, Baltinore,
M (1925).

Margalef, R, Perspectives in Ecological Theory, Chicago: University of
Chicago Press, (1968).

Mauersberger, P., “On the Role of Entropy in Water Quality Modeling,”
Ecol ogi cal Modelling, 7(1979), pp. 191-199.

My, RM, “Stability in Multipspecies Community Models,'" Mathematical
Bi osci ences 12(1971), 59-79.

Myers, Norman, The Sinking Ark, Permanan press, Ltd., oxford England, 1979.

Odom E.P., Fundanentals of Ecology, Philadelphia: W.B. Sanders Conpany, 1971.

OGdom H. T., Environnent, Power and Society, New York: John WIley and Sons,
Inc. , (1971) .

Pielou, E.C., Mthematical Ecology, New York: John Wiley and Sons, 1977.

Prance, G T., "Floristic Inventory of the Tropics: Were D.W. Stand?” Annuals
of the Mssouri Botanical Garden, 64(1977), 659-684.

Rapport, David J. “An Optimzation Mdel of Food Selection,” The American
Naturalist, 2105(Nov.- Dec. 1971), 946-952.

Russell, R Robert and Maurice Wilkanson, Macroecononics, New York: John Wiley
and Sons, (1979).

Scitovsky, T., The Joyl ess Econony, New York: Oxford University Press (1976).

Tullock, G, “Biological Externalities,” Journal of Theoretical Biology, 33
(1971), 565-576.

Watt, K EF., Principles of Environnmental Science, New York: MG awHill
Book Conpany (1973).

W/ son, E O, Sociobiology, Canbridge, Massachusetts: Harvard University
Press (1975).

Woodwel I, G M, “Effects of Pollution on the Structure and Physiol ogy of
Ecosystens,” Science, 168(April, 1970), 429-433.

119



